The importance of 220 Rn (thoron) progeny for human exposure has been widely recognised in the past decades. Since no stable equilibrium factor was found between indoor thoron and its progeny, and the concentration of thoron progeny varies with time, it is necessary to develop detectors for long-term measurement that directly sample and detect thoron progeny. However, power supply of this kind of detectors has always been a problem. In this study, a set of device that is suitable for long-term measurement is introduced. A high-voltage electric field was formed for the collection of charged aerosols attached by 222 Rn (radon) and thoron progenies on solid-state nuclear track detector. Impact from radon progeny could be eliminated with a shield of Al foil of appropriate thickness. Tests were made both in an experimental house and in a thoron chamber in Helmholtz Zentrum München to determine the parameters and to verify the universality under different conditions.
Radon (
222 Rn) has already been proved to be harmful to human health: it is the second cause of lung cancer after smoking (1) . In contrast, the concentration of thoron ( 220 Rn) in air was often ignored because of the relatively short half-life of 220 Rn. Recently, increasing concentrations of thoron and its progeny were reported all over the world, and the dose conversion coefficient of thoron and its progeny is much larger than that of radon and its progeny (2) . Therefore, in some high thoron area, often in traditional homes with unfired earthen building material, dose from thoron and its progeny could be comparable to, or even larger than the doses from radon and its progeny (3) . Similarly as for radon and its progeny, the contribution of thoron progeny to the dose is the dominant factor. The measurement of radon concentration as a surrogate of its progeny using an equilibrium factor was often used to assess radon dose. However, the equilibrium factor between thoron and its progeny is affected by many factors and is hard to estimate. Therefore, it is important to measure thoron progeny directly.
Since concentration of thoron and its progeny varies much with time, long-term continuous measurements are usually required. The principle of a working level monitor (WLM) is widely used for this kind of measurement (4) . This device samples the progenies on a filter by a pump and measures them with an alpha detector. However, because of the power supply required, the noise produced by the pump and the clogging of the filter, the WLM is used generally for short-period measurements (few days). Zhuo and Iida (5) introduced a passive device dependent on natural deposition, which could make continuous measurement for more than 3 months. However, natural deposition velocity varies much in different environment, which limited the use of the device.
In this paper, a set of device that requires low power supply is introduced. A high-voltage electric field was applied for the collection of charged aerosols attached by radon and thoron progenies on a solid-state nuclear track detector (SSNTD). Impact from radon progeny was shielded with an Al foil of appropriate thickness. Tests were made both in an experimental house and in a thoron chamber in Helmholtz Zentrum Mü nchen (HMGU) to verify the universality under different conditions and to determine the parameters of the device.
MATERIALS AND METHODS
Radon and thoron progenies are mostly attached to aerosol particles in air. Aerosol particles may get charged by combination with the free electrons and ions in the air; the charges on the particles follow the Boltzmann distribution (6, 7) . In this way, radon and thoron progenies in the air can be partly charged. The new born progenies ('unattached' fraction) are also charged ( positively) due to the recoil effect, so that the positive aerosol particles in the air are made up of both attached progenies and new born unattached progenies, while the negative aerosol particles in the air are only attached progenies. Since the concentration of the new born progenies may be highly dependent on the concentration of its mother nuclide, while the attached progenies reflect the concentration of the progeny itself, negative aerosols should be sampled. Therefore, the sampler is set on the positive electrode at the centre and the net is connected to ground (Figure 1 ). Aerosol particles can enter the semi-sphere space and the charged ones would precipitate on the sampler. The diameter of the semi-sphere net is 6.5 cm. A high voltage of 5000 V was applied; the electric field is 8Â10 4 Po which comes from the decay of 212 Bi would emit alpha particle with the energy of 8.78 MeV. Since CR39 does not have the ability to distinguish these alpha particles of three different energies, a piece of Al foil was placed above the CR39 as an absorber to the low-energy alpha particles. The thickness of the Al foil was chosen to shield all alpha particles whose energy is not .7.68 MeV from reaching the surface of CR39, while allowing the alpha particle of 8.78 MeV to penetrate and to hit the CR39 to cause tracks on it. With the Al foil, the tracks on the CR39 only come from alpha particles emitted by 212 Po. The longest half-life of all thoron progenies is 10.6 h from 212 Pb, therefore, the sampler should wait for at least 2 d after the device is removed from the measured environment until all thoron progeny on it has decayed. According to the decay chain, the contributions to the registered tracks originate from the directly precipitated material from the air and the decay of already sampled material. Analysing the process of precipitation and decay of 212 Pb and 212 Bi on the sampler, the relationship between the equivalent equilibrium concentration of thoron and its progeny, EEC Th , and the count of tracks on CR39 is given by:
where n is the count of tracks per area from the CR39, v is the precipitation velocity of thoron progeny on the CR39, t is the sample time, h is the efficiency of the device and c is a constant made up of the decay constant of all 220 Rn progenies, the branching ratio from 212 Bi to 212 Po, and the balance among the units of n, v, h and t; c equal to 2.6Â10 25 s 21 when the SI units are adopted. The appropriate thickness of the Al foil and v and h were determined through experiments in order to calculate EEC Tn with equation 1.
Precipitation velocity
In order to determine the precipitation velocity to the sampler, a metal plate was used in the device instead of the CR39 with absorber. Only considering the thoron progeny on the plate, that is 212 Pb and 212 Bi according to the above analysis, the amount of both nuclides, N B and N C , follows the differential equations during the sample process: 
THORON PROGENY DETECTOR BASED ON SSNTD
After sampling, the metal plate was measured by an alpha spectrometer. During the interval of sampling and measurement, the amount of 212 Pb and 212 Bi, N B and N C , on the metal plate follows the differential equations:
During the measurement, the amount of 212 Pb and 212 Bi on the sample follows also equation 3. Since the half-life of 212 Po is extremely short, it is assumed that all 212 Po will decay and emit an alpha particle with the energy of 8.78 MeV simultaneously as it decays from 212 Bi. Therefore, the total amount of 212 Po, N C , decayed during the measurement should be the same as the amount of 212 Bi decayed into 212 Po during the same period, that is, the integral of N C , multiplied by the decay branching ratio, which is expressed as equation 4:
where in equations 2 -4 l B and l C are the decay constants of 212 Pb and 212 Bi, S is the area of the sampler, v is the precipitation velocity on the sampler and Y is the branching ratio from 212 Bi to 212 Po.
Supposing the sample time as t 0 , the interval between sampling and measurement as t 1 , and the measuring time as t 2 , the solution of N from equations 2 to 4 can be expressed as:
The counts of 212 Po are given by an alpha spectrometer, and EEC Th is monitored by a WLM calibrated with a standard 241 Am source. The precipitation velocity v can be calculated as:
Since the natural indoor deposition velocity is mostly affected by aerosol concentration, humidity, ventilation rate and unattached fraction, the precipitation velocity of this device was also tested for these parameters. Different environments were formed by changing the conditions, both in an experimental house (8) and in a thoron chamber in HMGU (Figure 2 ). The aerosol concentration was controlled by an aerosol generator and monitored by a condensation particle counter. Humidity was adjusted by a vapour generator. Ventilation rate was controlled by opening different windows or door of the experimental house (8) , and by a pump for the thoron chamber. Unattached fraction was measured by the improved WLM (9) . Comparative experiments were performed with a low-voltage electric field (1000 V m 21 ) and without any electric field to test for the necessity of high voltage.
Appropriate Al foil and efficiency of the detector
In order to determine the appropriate thickness of the Al foil, aerosols were sampled from both pure radon environment and radon -thoron environment. Each of these samples was measured with an alpha spectrometer both directly and with Al foil of a certain thickness. With the appropriate shielding, there should be no counts from the radon progeny sample and only some counts from the radon and thoron progenies sample.
The efficiency of the progeny detector includes two parts: (1) the penetration efficiency through the shielding Al foil of the 8.78 MeV alpha particle and (2) the efficiency of the SSNTD. The penetration efficiency of the Al foil was determined by measuring one radon -thoron sample both with and without the shielding Al foil. The penetration efficiency is calculated by the ratio of the count from the shielded measurement and the count of the peak of 8.78 MeV from the unshielded measurement, considering the time interval between both measurements.
The efficiency of the SSNTD (CR39) was determined by the exposure to a standard alpha source, 239 Pu.
RESULTS AND DISCUSSIONS

Precipitation velocity
Precipitation velocity on the sampler was measured in the environments with different ventilation rate, particle concentration, unattached fraction and humidity. Besides, temperature and thoron progeny concentration were also monitored.
Precipitation velocity under normal condition
Conditions as in ordinary homes were simulated both in the experimental house and in the thoron chamber. It was controlled that the relative humidity was in the range of 30-70 %, the ventilation rate ,20 h
21
, the particle concentration ,20 000 cm 23 , and that the unattached fraction ,30 %. Besides, the equilibrium-equivalent concentration of thoron progeny and the temperature were in the range of 2 -60 Bq m 23 and 20 -308C, respectively. Under such conditions, the precipitation velocity showed no obvious relationship with these parameters, all measured data were in the magnitude of 10 24 to 10 23 m s
, as shown in Figure 3 . The averaged value of the precipitation velocity under these conditions was 6.5Â10 24 +7.7Â10 25 m s 21 .
Precipitation velocity under extreme condition
Tests were also made under extreme conditions that seldom occur in real houses. The precipitation Figure 3 . Dependence of the precipitation velocity of the thoron decay products to the detector on the relevant parameters.
velocity under high humidity, under high particle concentration and under high ventilation rate is listed in Table 1 . It is shown that the precipitation velocity under high humidity and high particle concentration is much higher than that under normal conditions, while that under high ventilation rate is much lower than that under normal conditions. According to the former study, under extremely humid or extremely high aerosol concentration environment, aerosol particles are likely to be larger than normal, while under high ventilation rate environment, aerosol particles are likely to be smaller (10, 11) . Due to the stationary charge distribution of aerosol particles, larger particles would be easier to be charged (6) . Therefore, consistently, the precipitation velocity under high humidity and high particle concentration environment should be larger, while under high ventilation environment smaller.
Comparison with low-voltage electric field and without electric field
Comparison of the precipitation velocity under normal conditions was made among high-voltage electric field, low-voltage electric field and without electric field. Without the electric field, gravity sedimentation, diffusion and impaction are the main mechanisms determining the deposition velocity of aerosol particles. Since these processes depend much on environmental parameters, the deposition velocity varies much in different environment. When the electric field is around 10 3 V m 21 , the electric force is approximately comparable with the forces leading to deposition, therefore, the precipitation velocity under different environment, although still obvious, varies less than without electric field. When the electric field is as high as 10 5 V m 21 , the electric force becomes the dominant force on the aerosol particles, so that the precipitation velocity does not change much as long as the electric field remains stable. The ranges of the precipitation velocity under the three conditions are listed in Table 2 , which approved the necessity of using a high-voltage electric field for a uniform sampling.
Appropriate Al foil and efficiency of the detector
The spectra of samples under pure radon and radon -thoron environment with and without appropriate Al foil absorber are given in Figure 4 . It shows that all alpha particles with energy ,7.68 MeV were shielded and alpha particles of 8.78 MeV were able to penetrate it. The thickness of the applied Al foil is 45 mm.
The efficiency of penetration through the Al foil is estimated to be 0.34+0.0094 according to the integral counts with and without absorber.
The efficiency of CR39 was determined to be 0.21+0.036. Therefore, the total efficiency of this device is 0.071+0.013.
The uncertainties of all the above results are the standard deviation of the repeated measurements.
Application
With the precipitation velocity and efficiency measured above, the EEC Tn of the thoron progeny detector calculates according to equation (1) to:
Comparative measurements were performed in the experimental house with a WLM. The results of 24-h exposure are listed in Table 3 . There is a good agreement between the results of both methods.
CONCLUSION
The importance of thoron and its progeny with regard to human indoor exposure has been realised during the past 20 y. Due to the lack of a stable equilibrium factor between thoron gas and its progeny, and the variety of thoron progeny concentration with time, it is necessary to perform longterm measurement towards thoron progeny. In this study, a device is developed for long-term measurement of thoron progeny. A high-voltage electric field was added to sample radon and thoron decay products to the surface of an SSNTD, which was covered by a layer of Al foil that shielded radon progeny alpha particles. The key parameter of this device is the precipitation velocity of the thoron decay products to the detector. Experiments were performed in an experimental house and in a thoron chamber in HMGU to determine the precipitation velocity as well as the efficiency, which is estimated to be 6.5Â10 24 +7.7Â10 25 m s 21 and 0.071+0.013, respectively. The precipitation velocity was proved to be independent from the relevant environmental parameters under a high-voltage electric field. Comparisons between this device and a WLM showed good accordance.
Because of the low-energy consumption and silence of this set of device, an appropriate instrument for long-term measurements of thoron decay products is now available. 
